Recent methodological and instrumental advances in solution-state nuclear magnetic resonance have opened up the way to investigating challenging problems in structural biology such as large macromolecular complexes. This review focuses on the experimental strategies currently employed to solve structures of protein-DNA complexes and to analyse their dynamics. It highlights how these approaches can help in understanding detailed molecular mechanisms of target recognition.
INTRODUCTION
Transcription, DNA replication and repair are key dynamic cellular processes that require extremely tight regulation by DNA-binding proteins. In particular, these proteins have to recognize their specific DNA targets in the presence of a large amount of non-specific DNA-binding sites.
In most cases, transcription factors expand a modular organization [1] , encompassing a DNA-binding domain specialized in DNA recognition [2] and additional domains implicated in signal transduction via interaction with other protein partners [3] . The large amount of available structural data on DNAbinding domains has highlighted an important structural diversity that allows structural classifications to be proposed [4] and provides clues for understanding the molecular mechanisms involved in DNA recognition. The DNA-binding domain is mostly restricted to recognizing and targeting specific DNA in the genome, and strong binding affinities have been selected during evolution.
To gain insights into the mechanisms underlying specific DNA recognition, it is necessary to have detailed structural information on DNA-protein complexes. X-ray diffraction remains the most powerful method for determining the structure of large macromolecular complexes, as illustrated with the crystal structure of the complex formed by eight transcription factors bound to the interferon-b enhancer [5, 6] . However, while X-ray crystallography is very useful for large molecular assemblies, its general application is limited by the difficulties in crystallizing highly dynamic and transient complexes. Over recent decades, liquid state nuclear magnetic resonance (NMR) has progressed in terms of sensitivity and spectral resolution with the production of very high magnetic field spectrometers together with important methodological developments, such as transverse relaxation optimized spectroscopy [7, 8] (TROSY), opening up the way for NMR studies of larger macromolecules or complexes. In the case of protein-DNA complexes, most of the recent NMR advances can be applied, providing structural restraints that can be used to perform structure calculations. Two categories of information can be collected: ambiguous restraints generally derived from interaction surface mapping; and unambiguous restraints provided by intermolecular nuclear Overhauser effects (NOEs), residual dipolar couplings and paramagnetic relaxation enhancement (PRE) experiments. All these data can be combined together to compute high-quality structures of protein-DNA complexes.
Furthermore, in contrast to X-ray diffraction, NMR spectroscopy is performed at room temperature and gives access to the dynamic features of macromolecules. By studying 15 N relaxation rates of amide nitrogens, information on the overall diffusion and on the local behaviour of the proteins can be extracted from the analysis of spectral density functions.
The important work performed on the Lac operator [9 -13] has provided keys to understanding the molecular mechanisms by which the Lac repressor binds to a specific target and a non-specific target. In the case of protein -DNA recognition, adaptation and plasticity appear to be the two major properties that confer specific recognition capacity. Furthermore, liquid state NMR can also be used to have access to highly transient intermediates, and it is now possible to follow protein diffusion by NMR and to target the search mechanism along the DNA [14] . The recent work carried out on homeodomain HoxD9 DNA recognition has clearly demonstrated that HoxD9 binds to non-specific DNA with the same binding mode and orientation as that observed in the specific complex [15] . However, nonspecific DNA binding is always associated with exchange processes, leading to different dynamic behaviours of side chains located at the interface with the DNA.
This paper reviews the current approaches in the field of NMR structural studies specific to protein-DNA complexes by NMR and focuses on new developments. All major stages from sample preparation, interface mapping and structural restraint collection to structure calculation and dynamic characterization are discussed.
SAMPLE PREPARATION
In general, when dealing with macromolecular complexes, different labelling strategies are employed. In most cases, only one partner is labelled while the other remains unlabelled, which has the advantage of allowing the number of observable NMR signals to be selected. Two samples can be prepared: in the first one, which is the most frequently encountered, the protein is 15 N and/or 13 C labelled while the DNA is unlabelled, and in the other one, which is optional, the DNA is 15 N and/or 13 C labelled and the protein unlabelled.
This provides a convenient means to follow the resonances during titration experiments and to use filtered experiments to select or filter out magnetization of specific proton sets. The advancements in biochemistry and dedicated-isotope labelling techniques allow labelled proteins to be produced, while samples of labelled DNA can be prepared by chemical or enzymatic methods, as previously well reviewed [16] . Doublestranded DNA is formed after annealing of the two strands at high temperature followed by slow cooling down. The DNA duplex may be further purified on a preparative ion-exchange column and desalted by dialysis before preparing the protein -DNA complex [17] . In order to mix the two strands in equimolar quantities, it is easiest to progressively add one of the two strands to a solution of the complementary strand, and NMR spectra are recorded after each addition step and integrated.
Preparing stable protein -DNA complexes for NMR, i.e. 0.1 -1 mM solutions of complex, remains a difficult task because of the basic nature of DNA-binding domains (thus positively charged) contrasting with the negatively charged nucleic acid phosphate groups. A strong electrostatic interaction between the two partners occurs at high concentration and may give rise to sample precipitation. Different strategies have been described in the literature to address this issue: (i) increasing the salt concentration, (ii) reducing the number of DNA charges by shortening its length, and (iii) using site-directed mutagenesis to replace basic residues on the protein surface outside the DNA recognition interface. Other methods were shown to be useful in improving the solubility problem, as in the case of the Dread ringer protein -DNA complex, in which a C-terminal phenylalanine residue, responsible for the exchange process, was mutated to a leucine residue, thereby increasing the NMR spectra quality [18] . Mutation of cysteine residues to prevent oxidation has been shown to improve the stability of the protein -DNA complex, as in studies of the integrase -DNA complex, in which a cysteine was mutated to an alanine [19] , or in the case of the THAP domain of hTHAP1, in which two free cysteines outside the C 2 CH zinc coordination motif were mutated to serines [20] .
The main problems in sample preparation remain the solubility and the stability of the complex, because, in order to identify intermolecular NOEs, the sample needs to be highly concentrated and stable at a reasonable temperature (between 258C and 408C) in order to obtain a sharp signal.
INTERACTION SURFACE MAPPING

Chemical shift mapping
A variety of techniques have been proposed to map out protein-binding interfaces and will be briefly described. The easiest NMR method is known as chemical shift mapping, and it is commonly based on the detection of the protein backbone 15 N and HN chemical shifts in heteronuclear single quantum coherence spectroscopy (HSQC) spectra. The development of TROSY makes it possible to record NMR spectra for large complexes with high spectral resolution. By recording 15 N HSQC spectra of the free and the bound 15 N-labelled protein, normalized chemical shift perturbations (CSPs) can be computed using
where DdHN and DdN are the observed chemical shift variations in parts per million and g H and g N are the gyromagnetic ratio of each nucleius. Chemical shifts are very sensitive to subtle perturbations of the chemical environment. While binding-induced internal structural rearrangements of the protein may, in some cases, affect protein chemical shifts, generally it is the proximity of DNA phosphates or the ring currents induced by aromatic bases that are responsible for important CSPs. Therefore, NMR methods that monitor CSPs of protein amide groups upon DNA binding are widely used to rapidly map out the interaction surface [21] [22] [23] .
For instance, in the case of the interaction between the C 2 CH THAP zinc finger domain of human THAP1 and its specific DNA target, very small CSP values were observed for residues located in the a-helix region, while residues within the b-sheet or the N-terminus loop were strongly affected (figure 1a), providing evidence that the domain uses its b-sheet and surrounding loops to recognize the DNA instead of its a-helix [20] .
It is noteworthy that the DNA-binding surface has to be located in a continuous protein interface area. In the case of the transcription factor Myb1, which contains two Myb-like DNA-binding motives, CSP experiments highlighted residues with large chemical shift changes that are located in several discontinuous faces of the free protein. The structure of the protein in DNA-bound conformation revealed conformational changes upon DNA binding, leading to a structural rearrangement of the domains that constitute a continuous interaction surface in the complex, in agreement with CSP data [24] .
In a complementary approach, it is possible to record 15 N HSQC spectra on well-resolved DNA imino protons to assess local deformation of DNA base pairs as well as DNA bending and larger conformational transitions. In the latter case, it is common to observe significant chemical shifts extending to regions that are not part of the interface. Specific pulse programmes to detect nucleic acid imino protons have been recently developed [25] . However, the interpretation of CSPs in DNA is more difficult with respect to the protein owing to conformational dynamic behaviour found in DNA and imino proton exchange leading to severe line broadening. CSPs of imino protons have been used as a tool to identify regions in the DNA that undergo large conformational changes upon interaction with the protein. A recent interesting application of this approach was used to analyse the interaction of the rice telomere-binding protein, RTBP1, with its target DNA [26] .
It is noteworthy that specific DNA-binding sites are often characterized using molecular biology methods such as Systematic Evolution of Ligands by EXponential enrichment (SELEX) and mutagenesis coupled to DNA-binding assays [27] .
Imino protons cross saturation
Cross-saturation experiments were first introduced to identify the interfaces of large protein -protein complexes [28] and have been successfully applied to mapping out the binding surfaces in protein -nucleic acid complexes [29, 30] . This method is based on selective saturation of protons from one molecule partner that leads to a decrease in magnetization throughout the molecule, which is mostly controlled by spin diffusion. The saturation is transferred to the other partner, leading to a decreased NMR intensity.
In the case of DNA -protein complexes, DNA imino proton resonances (of thymine H3 and guanine H1) are selectively saturated using a loop including an adiabatic band-selective inversion pulse centred in the imino frequency range (d 1 H, 12 -15 ppm) [31] . During DNA saturation, imino proton relaxation processes perturb the thermodynamic equilibrium of neighbouring spins resulting in the transfer of saturation to the protein.
By introducing the saturation period prior to a classical 15 N HSQC pulse sequence, imino cross-saturation experiments are recorded using several saturation times (ranging from 0.1 to 2 s). Then, the normalized intensity of the HSQC cross peaks is plotted as a function of the saturation time (figure 1c).
This method was recently used, in addition to chemical shift mapping experiments, to define the specific DNA-binding interface of the THAP domain of THAP1 [20] . By fitting experimental data with a mono-exponential equation (figure 1c), a characteristic decreasing time (T D ) was extracted for each non-proline residue and the R D parameter (1/T D ) was plotted as a function of the protein sequence (figure 1b). Since spin diffusion is controlled by dipolar interaction (for small saturation times), the R D parameter assesses DNA spatial proximity. As shown in figure 1 , cross-saturation data are in good qualitative agreement with the CSP data, providing reliable identification of the DNAbinding interface (figure 1d ).
Solvent accessibility
Amide hydrogen exchange experiments are commonly used to identify changes in solvent accessibility of interfacial residues and to provide additional evidence of the DNA-protein interface. Quantitative analysis of amide proton exchange rates for the free protein and the DNA-bound protein has been applied to provide information on the binding interface and also on protein folding upon DNA recognition [12] .
An alternative approach is to use water-soluble relaxation agents to increase the relaxation process of the solvent-exposed atoms. Indeed, DNA binding will protect the atoms that are located at the binding interface, leading to different relaxation behaviours between the free and the bound forms [32] .
All these techniques that allow interface mapping provide important information concerning the recognition mode and open the door to modelling approaches. Sometimes, when dealing with a family of homologous proteins for which a structure is already available, molecular modelling coupled with mutagenesis data can be enough to understand the mechanism of DNA recognition. But, when the structure of a homologous protein is not available, interface mapping techniques are not sufficient to understand the DNA recognition process and additional structural restraints need to be collected in order to get an accurate description of the DNA recognition process.
INTERMOLECULAR RESTRAINTS
Short-range intermolecular distance restraints: nuclear Overhauser effect
Spatial proximity of residues close to the protein -DNA interface can lead to an intermolecular dipole -dipole interaction sufficiently large for creating measurable NOEs. The resulting cross relaxation together with the intermolecular NOEs provide direct evidence of their spatial proximity. Obviously, resonances of both partners in the complex must be assigned prior to identification of the intermolecular NOEs. However, strong resonance overlapping and line broadening associated with the size of the complex and/or chemical exchange make it very difficult to unambiguously assign NOEs. Recent progress in different NMR processes, such as labelling strategies, pulse sequence developments and the availability of high magnetic fields, has largely contributed to solve this problem.
In most studies of DNA -protein complexes, the protein is uniformly 13 C/ 15 N labelled while the DNA remains unlabelled. Consequently, proton frequencies of the protein in the complex are generally assigned using a combination of classical triple-resonance experiments (HNCA, HNCACB) and TOCSY and nuclear Overhauser spectroscopy (NOESY) experiments (threedimensional 15 N HSQC-NOESY, three-dimensional 15 N HSQC-TOCSY, three-dimensional HCCH-TOCSY, three-dimensional 13 C HSQC-NOESY). The development of isotope filtering and editing schemes has largely contributed to reducing the tedious task of DNA assignment. In particular, it is possible to select the 1 H atoms that are or are not one-bond scalar linked to a specific heteroatom, 15 N or 13 C. General considerations and experimental details on isotope-filtered NMR methods have been well reviewed by Breeze [33] .
For instance, in the NMR studies of the complex formed by calmodulin and a peptide, peptide 1 H frequencies and intermolecular NOEs were assigned using a combination of two-dimensional NMR experiments [34, 35] . This strategy has also been used for protein -DNA complexes ( [18, [36] [37] [38] ; [39, p. 423] C-filtered NOESY was first proposed using a filter based on the chemical shift-optimized adiabatic 13 C inversion pulse [40] and was then optimized using 1 J HC coupling constant properties [15] , providing a sensitivity gain of up to 40 per cent in the most favourable case. Once DNA proton frequencies are assigned, intermolecular NOEs can be detected using two-dimensional C edited-NOESY-HSQC experiments [40] , it has been possible to detect intermolecular NOE positions on a three-dimensional experiment. Briefly, all the protons are excited but for 13 C-linked protons, then the mixing time permits DNA protons to perform cross relaxation with surrounding protons; finally, magnetization is transferred to 13 C atoms and back to 1 H before detection. Obtaining intermolecular distance restraints remains difficult and time-consuming, but they permit the interface of protein -DNA complexes to be defined with high accuracy and precision to enable structure calculations. Gathering a significant number of intermolecular NOEs is certainly the most precise and efficient way to define the interface with high accuracy.
Angular intermolecular restraints: residual dipolar couplings
Structural determination of DNA using the NOE approach is more difficult than it is for proteins and has, for a long time, been severely hampered by a lack of precision and accuracy in the structures. The low proton density together with the elongated shape of the DNA molecule often lead to a small number of NOE restraints. The majority of observable 1 H-1 H contacts are between directly adjoining base pairs in the DNA sequence, leading to a lack of long-range structural restraints. Therefore, although the local structure is relatively well defined, the global NOE-derived structure of DNA suffers from a lack of long-range distances [41] . The introduction of additional orientational restraints using a small degree of alignment [42] turned out to be useful for DNA, improving both local and global structures [17, 43] . The first example of a really extensive use of residual dipolar couplings (RDCs) for a protein -DNA structure determination was performed by Murphy and co-workers [17] , who measured and included, in the structure calculation protocol, 274 protein RDCs and 46 DNA RDCs on the HMG-box domain of the human male sex-determining factor SRY, hSRYHMG, bound to a DNA 14-mer.
In solution, the dipolar coupling between two nuclei is averaged to zero because of the isotropic Brownian motion of molecules, unless the movement is restricted to a preferred direction relative to the magnetic field.
DNA molecules are naturally sensitive to an external magnetic field and are aligned partially with respect to the high magnetic field. In order to determine the orientation of the GATA-1 protein on its 16-base pair oligonucleotide, 1 D HN/N and 1 D Ha/Ca RDCs were collected on the protein backbone inside the protein -DNA complex at several external magnetic fields without adding liquid crystals [44] . The magnetic susceptibility tensor for the complex is dominated by contributions of the bases in the DNA duplex, yielding an axially symmetric susceptibility tensor with the main axis approximately parallel to the double helix. Using this information, a method for refining the solution structure of this protein -DNA complex using RDC was proposed. This approach, however, had to rely on very precise measurements of dipolar couplings of a fraction of a hertz, owing to a molecular order parameter of these complexes of about 10 24 or less. A stronger partial alignment of molecules can be achieved by using dilute aqueous liquid crystalline media ( phages Pf1, bicelles, PEG/alcohol, etc.). Thus, weak alignment (here weak alignment means molecular order parameter S of the order of 10
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) of the molecule will lead to the loss of its purely isotropic motion, resulting in partial dipolar coupling between spins while retaining conditions of high-resolution solution NMR [42] . Pulse programmes have been specifically developed to measure coupling constants, allowing scalar couplings to be assessed under isotropic conditions and apparent scalar couplings (i.e. scalar coupling plus residual dipolar coupling) under anisotropic conditions. Several dipolar couplings can be extracted on the protein backbone bonds, such as We have seen the importance of introducing RDCs in DNA structure determination to remedy the limited number of classical NOE restraints and to increase the accuracy of global DNA structures. The utility of employing RDCs was also established in the accurate determination of subtle structural features such as the DNA helix curvature, as in oligonucleotides containing AnTn segments [46] . Over the last decade, several pulse programmes have been developed for the measurement of residual dipolar couplings on DNA molecules [47] [48] [49] . However, in the simplest manner, RDCs can be extracted using two-dimensional IPAP 15 N/HN HSQC centred on the amide proton regions (for 1 D HN/N RDCs). Once the alignment tensor has been determined, RDCs can be transformed into orientation restraints of covalent bonds in the molecular frame using the equations given in figure 2 . Care should be taken to remove from the analysis the mobile loops (which do not follow such simple equations because of dipolar coupling averaging from internal motions), which can be clearly identified from 15 N relaxation analysis. In the context of protein -DNA complexes with both labelled partners, RDCs can be measured for both molecules within the same sample. Alignment tensors are extracted for each molecule and, if they are identical, RDCs could be used differently. In fact, RDC restraints are transformed into purely intermolecular projection angle restraints [50] . This approach was recently developed and has been successfully applied to define protein -protein interactions [51] and the relative orientation of protein subdomains [52] , and may be used for protein -DNA interactions. By collecting RDCs on each partner, it is possible to derive intermolecular projection angle restraints useful for orientating each partner with respect to the other. It represents a new class of intermolecular restraints that could be included in structure calculations of protein -DNA complexes. In particular, combination of these restraints with shape restraints derived from small-angle X-ray scattering (SAXS) represents a very powerful approach [53] .
Review. NMR of protein -DNA interactions S. Campagne et al. 1069
Long-range intermolecular distance restraints: paramagnetic relaxation enhancement
Magnetic dipolar interaction between a spin and an unpaired electron of a paramagnetic centre can result in chemical shift changes or in an increase in the relaxation rate of the nuclear magnetization, a phenomenon called PRE. Considering the distance r between the nucleus of interest and the paramagnetic centre, the magnitude of the PRE is proportional to r
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. However, in contrast to the NOE effect that is limited to short distances (typically less than 5 Å , slightly more with fully deuterated proteins), the PRE effect can be observed up to 35 Å , depending on the magnetic moment of the paramagnetic centre. Therefore, paramagnetic NMR represents a valuable source of long-range distances that can complement NOE restraints for a complex in the slowexchange regime. When the molecule does not contain an intrinsic paramagnetic centre, extrinsic spin labels need to be judiciously incorporated to the molecule of interest, usually by designing nitroxide spin labels and cysteine point mutations. In the case of protein-DNA complexes, a paramagnetic agent is commonly conjugated to the DNA. For instance, the use of DNAcontaining EDTA-derivatized deoxythymidine chelated to Mn 2þ in the SRY/DNA complex allowed the intermolecular PRE effects to be measured and the polarity of the SRY binding on the DNA to be defined [54] . More recently, the incorporation of deoxy-4-thiouracil into each end of the oligonucleotide reacting with 3-(2-iodoacetamido)-proxyl enabled label both 5 0 DNA extremities to be spin labelled [55] , and a protocol was described to incorporate nitroxide spin labels into specific 2 0 -sites within nucleic acids [56] . The PRE effect induced by the spin labelling leads to line broadening, the magnitude of which depends on the distance between the nucleus and the spin label. By combining different labelling sites, PRE data are extracted for different positions of the paramagnetic centre, allowing long-range distance restraint to be determined [57] . This strategy was used to compute solution structures of the SRY -DNA complex [58] ( figure 3 ) and the Mrf2 -DNA complex [55] .
STRUCTURAL RESTRAINTS FOR DNA STRUCTURE CALCULATION
The determination of DNA structural restraints requires prior assignment of DNA resonances following standard procedure [59] . Briefly, sequential assignment of non-labile protons in B-DNA is accomplished by following short H NOEs between the hydrogen-bonded imino protons of adjacent stacked base pairs [59] .
The DNA double helix is a highly flexible structure that can adopt different classes of conformations, B, A and Z, and DNA local structural perturbations are often observed upon protein binding as well as larger conformational transitions. One should be particularly cautious in the description of the experimental restraints used in the structure calculation protocol as accurate DNA structure calculation needs to incorporate observables based on a combination of dedicated experiments. The resulting structure may range from a simple DNA classification (here, we are not talking about mere modelling in which the force field could play a major role) up to a precise description of the structure, including sugar puckering, base pair stacking and proper base pair parameters. A number of dedicated NMR experiments have been described, many of which are based on uniform 15 N- 13 C labelling of the DNA. The sugar conformation can be estimated from the analysis of proton intraresidual NOEs within sugar rings in a NOESY spectrum recorded with short mixing time and, in particular, from the ratio of the cross-peak volumes for the intraresidue H 8/6 -H 2 0 and H 8/6 -H 3 0 interactions, which is higher than 1 in the presence of a predominant C2 0 endo conformation [60] . Similarly, the orientation of the base relative to the deoxyribose ring (syn or anti conformation) can be determined from the ratio of H 8/6 -H 2 0 to H 8/6 -H 1 0 , which should be higher than 1 in the B-DNA form. Information on both the sugar pucker and base torsion angles is needed to estimate the DNA conformation [59] . These measurements have been done in the NMR study of the THAP zinc finger in complex with its DNA target, and have confirmed that the DNA target adopts a B-DNA form in the complex (figure 4). Alternatively, the type and degree of DNA sugar puckering in protein -DNA complexes can be assessed by recording a NOESY sequence preceded by a constant-time scalar coupling period [61] . Notably, other methods have been developed to study sugar puckering of high molecular weight oligonucleotides based on the measurement of deoxyribose 3 J HH scalar couplings [62] or cross-correlated relaxation rates involving 13 C chemical shift anisotropy (CSA) and 13 C-1 H dipolar interactions [63] , making use of uniform 13 C labelling of the DNA. Alternatively, structural information and DNA conformational changes induced by protein binding can be provided by means of 31 P NMR [64, 65] . It is noteworthy that 31 P NMR can be used to identify B I / B II DNA conformational transitions, which are likely to play a role in sequence-specific recognition [66, 67] .
Furthermore, without major conformational change, the DNA double helix has to accommodate the protein-binding surface by modifying base pair step parameters (i.e. twist, tilt, roll, shift, slide and rise [68, 69] ), which may result in DNA bending [70] . Assessing the global bending magnitude in DNAprotein complexes is of particular interest, but classical NMR methods are inefficient in capturing DNA bending. However, the use of RDCs proved their ability to give a reliable view of bending in intrinsically curved DNA [46] or changes in DNA bending induced by protein binding.
To experimentally estimate protein interaction with the DNA and DNA bending, electrophoretic mobility experiments [71, 72] have been used based on the observation that bent DNA migrates more slowly in a gel matrix than straight DNA [73] . An alternative method called the circular permutation DNA-bending assay, which is based on differences in the electrophoretic mobility of protein -DNA complexes with DNA-binding sites located at different positions, may be used to provide information on protein-induced DNA bending [74, 75] . Review. NMR of protein -DNA interactions S. Campagne et al. 1071
In addition, several software programs have been developed to model DNA bending such as the 3DNA program, which allows analysis of DNA structural parameters and enables it to be rebuilt with customized DNA models [76] . Several Web servers have been created recently and provide interesting tools to analyse and rebuild DNA models [77,78].
STRUCTURE CALCULATION STRATEGIES
In most cases, several types of structural restraints (NOEs, RDCs, CSAs, PREs, low-resolution envelopes obtained from SAXS, small-angle neutron scattering (SANS) or cryoEM and so on) are combined to calculate protein-DNA structures, thus increasing precision and accuracy. Solution structures are commonly computed by simulated annealing protocols using CNS [79] or XPlor-NIH [19, 36, 38, [80] [81] [82] . These protocols permit a complete exploration of the conformational space. Xplor-NIH includes a number of possibilities such as using a database potential of mean force describing base -base positional interactions, which has been shown to improve the structure quality, as viewed from an independent check with experimental observables (RDCs, NOEs) [83] . In some cases, the knowledge of both interaction surfaces is sufficient to orient the protein onto its DNA target. For this simpler purpose, several programs based on molecular docking have been developed. They use biophysical and/or biochemical interaction information, encoded into ambiguous interaction restraints (AIRs) [84] , to drive the docking process. Provided that solution structures of the free partners are known and that no major conformational change occurs upon binding, the data-driven docking program HADDOCK can be applied to a large variety of biomolecular complexes [85, 86] from protein-protein to protein-nucleic acid complexes [87] . In the context of full structure determination, and of including a wide range of experimental restraints, HAD-DOCK may be used as a python interface allowing a very simple and easy way to launch CNS for structure calculation of macromolecular complexes and analysis. The protocol includes three steps: a rigid body docking of the two partners based on interaction surface definition, a semi-flexible simulated annealing stage followed by a water-refinement step. The full HADDOCK program has been recently implemented into a HADDOCK Web server [88] . A specific protocol has been recently described for DNA-protein complex modelling using this approach, which highlights the importance of DNA flexibility to explore the conformational space [87, 89] .
The HADDOCK approach was used to gain insights into the DNA-binding mode by the THAP domain of hTHAP1. In the first step, AIRs derived from NMR chemical shift mapping and imino crosssaturation experiments were used to guide the docking, providing an ensemble of the 15 lowest energy structures with medium resolution (figure 4a). The structure calculation convergence is illustrated by plotting intermolecular energy as a function of the backbone RMSD from the lowest energy structure. In this case, several ensembles of solutions were generated.
This docking approach can take into account ambiguous as well as unambiguous intramolecular and intermolecular restraints such as intermolecular NOEs, RDCs as intermolecular projection angle restraints and long-range distances derived from PRE experiments [20, 55] . It is noteworthy that the inclusion of a few unambiguous intermolecular data in the docking process can greatly increase the structure precision. In the case of the complex formed by the THAP domain and its DNA target, 39 intermolecular NOEs were included in the docking approach and the water-refinement step was done using 1 D HN-N RDC restraints. Following this protocol, the structure calculation was highly convergent and an ensemble of 15 structures under high resolution is shown in figure 4b . By including additional 1 D C 0 -Ca RDC restraints, an even better calculation convergence was obtained (figure 4c).
REFINED STRUCTURES USING SHAPE RESTRAINTS
Cryo-electron microscopy can provide low-resolution shape restraints, which may be used in conjunction with NMR data [90, 91] . During the last decade, small-angle scattering of biomolecules in solution has gained popularity with the availability of powerful beamlines and the generation of new data analysis programmes [92] [93] [94] . There has been a growing interest in including low-resolution techniques such as SANS and SAXS to tackle challenging problems in structural biology [95] [96] [97] [98] [99] . X-ray scattering is generated during the interaction of light with electrons while neutron scattering is due to the interaction with the atom nuclei. The scattered intensity is a function of the macromolecule shape and of the contrast (the scattering density difference) between the macromolecule and the solvent [100] . In order to collect data, the sample ideally needs to be pure, highly homogeneous and monodisperse, without attractive or repulsive interaction among the scattering particles. The resulting one-dimensional diffusion curves contain information about the radius of gyration and the molecular mass, and the three-dimensional structural model of the shape of the particle can be extracted [101] . This information can be incorporated into structure calculation protocols in various ways: (i) for scoring the NMR-derived structures [102] , (ii) directly in combination with NMR data ( particularly RDCs) in order to perform a grid search using a rigid body protocol [103] , or (iii) for direct refinement during NMR structure calculations [104] [105] [106] [107] . An example of an application to DNA may be found in Schwieters & Clore [108] , who have investigated by a combination of NMR and SAXS the structural and dynamic behaviour of the Dickerson DNA dodecamer. The resulting ensembles provided a detailed description of the conformational space sampled by the dodecamer in solution and of the fluctuations in helicoidal parameters, sugar puckers and B I -B II backbone transitions.
So far, very few examples have explored the potential of SANS for DNA -protein complexes. SANS is extremely sensitive to contrast variation and, by changing the solvent composition (typically by modifying the H 2 O/D 2 O ratio), it is possible to observe specifically one component of the macromolecular complex [101, 109] . An early historical success of SANS in the area of protein -DNA complexes was the mapping of the relative topology of DNA and histone in the nucleosome [110] . A recent study by Falb and co-workers [111] has focused on the structure of the U4 RNA in solution. After NMR solution structure calculation, a SANS lowresolution model was constructed in order to validate the free U4 RNA structure. The authors concluded that the SANS data fully supported the NMR analysis and independently corroborate that the sharply bent K-turn motif (observed in the crystal structure of protein-bound U4 RNA) is not formed in solution in the absence of protein and divalent cations. , which reports amplitudes of ps-ns internal motions, to an internal correlation time (t e ), to an exchange term (R ex ), caused by ms-ms exchange processes, and finally to a global isotropic correlation time (t c ) [113] . In most cases, DNA-binding sites are flexible and undergo rapid ms-ms conformational fluctuations characterized by large values of R ex for residues located at the target interface. This flexibility often decreases upon target binding. The structural study of the lac repressor system has provided keys to understanding the dynamic features of protein-DNA recognition [12, 117] . The NMR solution structures of the lac DNA binding domain (DBD) in the free state or bound to non-specific or specific DNA targets have been solved and dynamic features of the protein in every state have been characterized. In the non-specific DNA-bound state, the Lac repressor displays a large number of sub-millisecond motions with large R ex values that are observed at the DNA-protein interface, indicating a very transient and labile interface, whereas these motions are quenched upon binding of the protein to its cognate operator. These results have been confirmed using H/D exchange [12] . To conclude, the determination of the conformational exchange term for 15 N backbone atoms at the protein-DNA interface gives access to the interaction strength and stability of the DNA-protein complex.
Search mechanism of the DNA target site
Recognition and binding of specific sites on DNA by proteins are central for many cellular functions such as transcription, replication and recombination, as recently reviewed [118] [119] [120] . The proteins have to find their DNA target sites in the bulk of non-specific sequences present in the cell. Yet, it has been widely demonstrated that rate constants for association of proteins with their specific DNA targets can surpass the diffusion limit by almost two orders of magnitude. This observation can be explained by a kinetically optimized pathway involving a combination of three-dimensional diffusion and one-dimensional sliding diffusion along the DNA.
The one-dimensional diffusion rates of LacI repressor proteins along elongated DNA have been measured using single-molecule imaging techniques [121, 122] . This implies the existence of transient intermediates involving non-specific binding modes. PRE experiments allow the characterization of these transient intermediates and have been used to show diffusion of the DNA-binding domain along the non-specific DNA aiming to find its specific target [14] . Using different paramagnetic labelling positions on an oligonucleotide containing the HOXD9 homeodomain target site [15] , PRE values could be extracted in various ionic strength conditions. At low ionic strength, PRE data are consistent with the previously described solution structure of the specific protein -DNA complex. However, at high ionic strength, several significant differences appear in the PRE data which indicate the existence of other modes of binding. This work provides for the first time NMR evidence of the one-dimensional diffusion along the DNA helix towards the recognition site. Interestingly, the PRE experiments give access to the dynamic of the DNA -protein interaction. Intermolecular jumping from one double-stranded DNA to another has also been observed using this method [14] . Theoretical studies and other evidence highlight the role of protein and DNA conformational flexibility on the rates of one-dimensional diffusion and hopping [123, 124] .
CONCLUSIONS AND PERSPECTIVES
Solution-state NMR developments have generated new methods to collect structural restraints on protein -DNA complexes. Mapping the interaction surfaces, using chemical shift mapping or cross-saturation experiments, gives answers with the lowest resolution and helps with modelling the complex. If detailed residue-specific knowledge is required, intermolecular restraints are needed. Various kinds of data can be extracted with different levels of difficulty. Intermolecular NOEs appear to be the most precise for interface definition but are time-consuming, requiring residue and atom-specific NOE assignments. Alternatively, intermolecular restraints can be represented by angular restraints with RDCs as intervector projection angles or by long-range distances with PRE. These approaches can be combined in order to increase structural accuracy. In some cases, combination of RDC and SAXS low-resolution shape restraints has been described as a powerful approach. NMR is limited by the size of the macromolecular edifice but offers useful possibilities in terms of dynamic characterization. During the last decade, dynamic descriptions of protein -DNA interactions have played an increasing role in understanding recognition specificity and kinetics.
